Introduction
Foil air bearings have been used successfully in many aerospace applications such as air cycle machines, bleed air turbocompressors and turbo expanders (refs. 1 to 4). These applications are characterized by light loads, constant speeds and low to moderate temperatures. Previous eftbrts to extend the technology into high load, high temperature applications have failed due to inadequate load capacity, material capabilities or rotordynamic performance (refs. 5 and 6).
However. recent advances in foil air bearing design have resulted in significant improvements in load capacity, damping and stiffness performance opening up new possibilities for their application in advanced oil-free turbomachinery (refs. 7 to 9).
Efforts todevelop improved tribomateriais forfoilbearing lubrication areunderway attheauthors' laboratories.
A newchrome oxide based journal coating, designated PS300, wasshown toprovide good frictionandwear propertiesin apartial-arc foil bearing at500°C(ref. 14) . Atroomtemperature, however, highfoilwear wasobserved unless athinceramic coating wasapplied tothefoil.Inaddition, journal coating adhesion waspoor especially duringrepeated thermal cycles. Subsequent research resulted inamodification tothiscoating, PS304, which exhibited excellent adhesion andsubstantially improved tribological performance inapartial-arc foilbeating (ref. 15) . Under theconditions tested, wear at25°Cwasacceptable yetsignificantly higher thanatelevated temperatures.
Thepresent study extends thepartial-arc bearing tests ofPS304 toadvanced design full foilbearings. Particular emphasis isplaced onbearing friction, wear andtheeffects oftemperature andloadonwear andperformance. The sliding wear surfaces offullfoil bearings arenotaccessible forconventional surface analyses (microscopy). Therefore,thereader isreferred toprevious workwiththese tribomaterials in partial arcbearings fordetailed tribosurface characterization (refs. 14and15).
Apparatus, Materials and Procedures

Foil Bearings
The test foil bearings are nominally 35 mm in diameter, 25 mm long (or wide) and made up of several layers of nickel-based superalloy foils typically 0.13 mm thick. These foil layers consists of a smooth innermost or top foil backed by bump foils. The top foil supports the hydrodynamic gas film while the underlying foils provide an elastic and compliant support structure for the top foil. Figure 1 shows a cross-section schematic of a typical test bearing.
In addition to their role in providing a compliant support, the underlying foils also provide coulomb damping to the bearings by allowing microsliding to occur between the bumps and adjacent surfaces. The resulting stiffness and damping characteristics as well as compliance to accommodate centrifugal and thermal distortions and misalignment are attractive features of foil bearings. Furthermore, judicious design selection of bump heights, pitch, foil thickness and the location(s) and mean(s) for foil layer attachment allow the tailoring of stiffness and damping performance for a given application (ref. 16 ).
Test Journals
The test journals shown in figure 2 are nominally 35 mm long and 35 mm in diameter and made from a nickelbased superalloy. The.journals have a series of twelve equally spaced, threaded holes in the front face to accommodate weights for in-place, high speed, dynamic balancing. The journals have a premachined undercut, 0.25 mm deep, to allow for the deposition of the solid lubricant test coating.
PS304 Test Coating
The foil bearings are lubricated during the sliding experienced at initial start-up and final shut-down by applying the solid lubricant, PS304, onto the journal surface. PS304 is a nickel-chrome bonded chrome oxide plasma sprayed composite coating with silver and barium-fluoride/calcium fluoride lubricant additives. The detailed composition is given in 
Test Apparatus/Procedure
For these evaluations, start-stop operation of the test bearings is conducted using the test rig shown in figure 4 and fully described in reference 18. This test rig uses an impulse turbine driven by compressed air to achieve test speeds up to 70,000 rpm. The rig spindle is supported by ceramic-hybrid ball bearings lubricated by oil .jets and cooled by temperature controlled water. The start/stop test cycle lasts 20 sec and is shown in figure 5 . The cycle begins by turning on the air supply' to the turbine. The air pressure then builds until the torque provided by the turbine exceeds the static torque of the test bearing plus any torque contribution of the spindle bearings. Test bearing torque reaches a peak then sliding begins followed by a reduction in test bearing torque due to the formation of a lubricating air film. Above about 4,000 rpm the air film is fully, developed, no wear occurs, and the friction is reduced to its lowest value. During the on portion of the cycle the spindle reaches 40,000 rpm at which point the turbine air supply is shut off allowing the spindle to coast to a stop. As the spindle slows, the test bearing torque gradually climbs as the gas film shear rate increases and at speeds below about 4000 rpm sliding recommences on the bearing until the spindle comes to a complete stop. The test apparatus is fully instrumented and designed to operate unattended, 24 hr/day allowing for convenient data collection.
The specimens are heated using quartz tube heating lamps located circumferentially around the bearing. Proximity thermocouples monitor the test temperature and are used for safety and control. Torque is monitored during the cycle by using a load cell to measure the force required to restrain the bearing from rotation as shown in figure 6 . A static load of 15 kPa ( 1.5 psi) is applied to the bearing using a donut shaped dead weight housing inside which the bearing is mounted. For some tests, this load is augmented by dead weights hung from a cable beneath the test rig or through the use of an instrumented pneumatic actuator ( fig. 6 ).
Specimen wear is measured by using micrometers to assess the minimum foil thickness (usually occurring in the heavily loaded zone at the top of the bearing) and the decrease in journal diameter. Past experience with foil bearings suggested that performance (load capacity) was degraded when -0.025 mm was worn from either the foil or journal surface (rel_. 10 and I 1 ). More recent evidence from advanced design bearings suggests that the bearings can continue to provide excellent performance well beyond this point. Therefore, testing of bearings in this program will continue until either the designated number of cycles has been reached (typically 30,000) or the foil surface wears through to an underlying foil layer. 30,000 cycles represents twice the required cycles for many' anticipated foil bearing applications such as turbochargers and turboalternators.
Due to high specimen costs and long test duration, repeat tests were generally not performed. To assess data scatter and repeatability, the performance measured here at selected test conditions (e.g. 10. I kPa load, to 538°C) was compared to that collected during earlier work. Good agreement was observed and, therefore, repeat tests were not performed.
Test Results
The friction and wear data summary for the bearings tested is given in were discontinued without failure after100,000 cycles, theprescribed test sequence limit.Forallofthese tests, a highstatic load(33.7 kPa) waschosen toaccelerate thewear process. Bothtorque andmeasured wear values corroborated theshorter tests conducted earlier.
Discussion of Results
Bearing Torque and Friction
The data given in table II clearly show that bearing torque increases with load and decreases with temperature. Bearing torque is the result of the combination of two factors. The first factor is the friction coefficient and the second factor is the contact stress between the journal coating and the foil. The contact stress arises from both external applied loads, such as dead weights, and the spring preloading of the foil against the shaft. All foil bearings are lightly spring preloaded to maintain shaft concentricity and avoid dynamic instability during start-up. Spring preload levels are typically 3.0 to 10.0 kPa and therefore can be responsible for a significant proportion of the start-up torque of a bearing supporting a lightweight shaft. For current foil bearing supported turbomachinery, typical deadweight levels (or start up loads) range from 6.0 to 20.0 kPa.
For the bearing tests conducted here, the preload level at a particular test condition (i.e. temperature) is unknown. It can be estimated, however, in the following manner. The deadweight load can be varied resulting in corresponding changes to the measured bearing torque. By carefully conducting start/stop tests under various deadweight loads this relation between bearing friction (torque) and deadweight load can be measured. Data of this type is shown in figure 9 for a bearing tested at 25°C. The data points can be fitted to a straight line whose slope is the sliding friction coefficient for the bearing/coating tribopair. For this bearing, the coefficient is 0.22. This value is significantly lower than the apparent friction coefficient calculated from a single data point taken under low deadweight loading conditions. Upon closer examination of figure 9, one can see that the fitted friction line can be extrapolated to lower deadweight loads as if one were to hypothetically reduce gravity. If gravitational effects were eliminated the line intersects the ordinate at the friction level due only to the spring preload multiplied by the previously calculated friction coefficient. If this preload induced friction force is then divided by the friction coefficient, the spring preload force can be calculated. Table III shows the preload values for a single bearing operated at 25 to 650°C after 30,000 start/stop cycles of operation at 537°C under a 10.1 kPa load. The data. which is plotted in figure 14 , is well behaved and increases smoothly with test temperature above 204°C. This change is understandable.
The bearing has a spring preload against the shaft, which is similar to a light interference fit. Since all of the materials (the bearing, housing, journal) have the same thermal expansion coefficient, as the temperature is increased the preload (interference) increases. From the data (table III and fig. 14) it appears that the preload pressure increases by a factor of two between 204 and 650°C.
The data obtained at 25°C does not fit this explanation. The preload pressure at 25°C is nearly double that at 650°C. The reasons for this discrepancy are not exactly known but are likely due to the experimental lab set-up. For all of the tests above 25°C, the test bearing is heated by the furnace, which maintains the desired ambient test temperature.
For these cases, both the bearing and the journal are at nominally the same temperature. At 25°C, however, the furnace is off and the bearing housing is at 25°C while frictional heat generated in the gas film quickly heats the shaft to over 100°C. Because the thermal mass of the bearing housing is large, it remains at 25°C. Therefore, the shaft grows by thermal expansion increasing the preload level. Since the built-in spring preload levels are much lower (---5 to 10 kPa) than the bearing spring stiffness (=20 kN/cm) small shaft temperature increases can have a dramatic effect on total preload. This explains the high preload value calculated at 25°C.
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Bearing Wear
Foil bearings which are currently in production applications (ACM's) typically use thin soft polymer coated foils against hard coated shafts to reduce friction and wear. In these applications wear of the foil coatings are not well tolerated because during startup and shutdown, the same regions of the foil surface rub on the shaft causing localized coating wear. Once the solid lubricant coating on the foil is worn through to the metal substrate, friction increases, and galling and seizure can occur. In addition, since soft coatings are used, any contaminants in the system (e.g. dust, sand) can cause abrasion and accelerate wear.
For the bearings tested here a different approach has been employed. Relatively hard, thick solid lubricant composite coatings are applied to the journals which slide against uncoated metal foils during startup and shutdown. In essence, the entire top foil thickness is available as a sacrificial wear surface and the entire journal surface acts as a solid lubricant reservoir. No change in friction performance occurs as the coating/foil tribopairs wears. Therefore, the friction (torque) and load capacity of the tested bearings do not change over the duration of the tests.
This approach to foil bearing lubrication appears to be successful as evidenced by bearing lives in excess of 100.000 cycles under high loads as shown in table II. Even after 100,000 cycles, the test bearing load capacity was not reduced.
At room temperature, wear is much higher, resulting in bearing failure (wear through of the top foil) after 48,000 cycles. This result has been observed in earlier work using a partial arc bearing (ref. 151. Clearly the PS304 coating is much more abrasive at 25°C than at elevated temperatures. Fortunately, most turbomachinery operates at 25°C for only a small percentage of their duty cycles. Thus room temperature wear may be a secondary issue.
The linearity in the wear data shown in figures 7 and 8 suggest that the data obtained in this research can be used for design life guidance in future applications. The data show that over the wide range of static loads tested (10 to +50 kPa), the wear increases only linearly. Further, the wear data can be used to accommodate bearing wear into the design preload to enhance dynamic stability of the rotor system even alter long term use.
Concluding Remarks
This paper presents tribological performance and durability data for advanced foil air bearings operating between 25 and 650°C. The data clearly show that these bearings perform well over a wide range of static loads and exhibit wear lives well in excess of what would be required for near or long term applications.
The results also
show that some bearing wear is acceptable and can be accommodated through proper bearing design. Based upon the results, these bearings and tribological coatings are well suited for advanced turbomachinery applications such as turbochargers, auxiliary power units, and gas turbine engines. NASA/TM--1999-209187 14. 
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